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(57) ABSTRACT

A dense composite material according to the present inven-
tion contains, in descending order of content, silicon carbide,
titanium silicon carbide, and titanium carbide as three major
constituents. The dense composite material contains 51% to
68% by mass of silicon carbide and no titanium silicide and
has an open porosity of 1% or less. This dense composite
material has properties such as an average linear thermal
expansion coefficient of 5.4 t0 6.0 ppm/K at 40° C. to 570° C.,
a thermal conductivity of 100 W/m-K or more, and a four-
point bending strength of 300 MPa or more.
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1
DENSE COMPOSITE MATERIAL, METHOD
FOR MANUFACTURING THE SAME, JOINED
BODY, AND MEMBER FOR
SEMICONDUCTOR MANUFACTURING
APPARATUSES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to dense composite materials,
methods for manufacturing such materials, joined bodies, and
members for semiconductor manufacturing apparatuses.

2. Description of the Related Art

An electrostatic chuck, which is heated to high tempera-
tures during semiconductor processes, has a cooling plate
joined thereto for heat radiation. In this case, the material used
for the electrostatic chuck may be aluminum nitride, the
material used for the cooling plate may be aluminum, and the
joining material used may be a resin. Aluminum nitride and
aluminum have an extremely large difference in linear ther-
mal expansion coefficient. For example, aluminum nitride
has a linear thermal expansion coefficient of 5.0 ppm/K (RT-
800° C., “Physics of Ceramics”, Uchida Rokakuho Publish-
ing Co., Ltd.), whereas aluminum has a linear thermal expan-
sion coefficient of 31.1 ppm/K (RT-800° C,
“Thermophysical Properties Handbook New Edition”, edited
by Japan Society of Thermophysical Properties). Such an
electrostatic chuck uses a soft resin as the joining material so
that the stress due to the difference in linear thermal expan-
sion coefficient can be relieved.

CITATION LIST
Patent Literature

[PTL 1] Japanese Unexamined Patent Application Publi-
cation No. 2006-143580

SUMMARY OF THE INVENTION

The electrostatic chuck described above uses a resin as the
joining material; however, resins, which are organic materi-
als, have low heat radiation performance and readily decom-
pose at high temperatures. This makes resins generally
unsuitable for high-temperature processes. Accordingly, met-
als have been found to be effective for use as a high-heat-
radiation joining material instead of resins. Joining using a
metal is called metal joining. An example of a known joining
material for metal joining is aluminum.

However, joining materials for metal joining, i.e., metals,
are not as soft as resins and cannot therefore relieve the stress
due to the large difference in linear thermal expansion coef-
ficient between the electrostatic chuck and the cooling plate.
Thus, there has been a need for the development of a cooling
plate material suitable for metal joining to electrostatic
chucks, i.e., a novel material that combines a small difference
in linear thermal expansion coefficient from aluminum nitride
with the properties required for cooling plates. The properties
required for cooling plates include high thermal conductivity,
which is required to ensure sufficient heat radiation perfor-
mance, high density, which is required to allow a coolant to
pass therethrough, and high strength, which is required to be
resistant to, for example, processing.

In view of the foregoing problems, a primary object of the
present invention is to provide a material having an extremely
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small difference in linear thermal expansion coefficient from
aluminum nitride and sufficiently high thermal conductivity,
density, and strength.

The inventors have studied the basic properties of various
composite materials prepared by forming SiC-based powder
mixtures containing TiC and TiSi, or TiC and Si and then
performing hot-press firing and have found that a material
having an extremely small difference in linear thermal expan-
sion coefficient from aluminum nitride and sufficiently high
thermal conductivity, density, and strength can be provided,
thus completing the present invention.

That is, a dense composite material according to the
present invention contains, in descending order of content,
silicon carbide, titanium silicon carbide, and titanium carbide
as three major constituents. The dense composite material
contains 51% to 68% by mass of silicon carbide and no
titanium silicide and has an open porosity of 1% or less.

A joined body according to the present invention includes
a first plate made of such a dense composite material and a
second plate made of aluminum nitride and joined to the first
plate. A member for semiconductor manufacturing appara-
tuses according to the present invention uses such a joined
body.

The dense composite material according to the present
invention has an extremely small difference in linear thermal
expansion coefficient from aluminum nitride and sufficiently
high thermal conductivity, density, and strength. Accord-
ingly, a joined body including a first plate made of such a
dense composite material and a second plate made of alumi-
num nitride and joined to the first plate can be used as a
member for semiconductor manufacturing apparatuses and
provides an extended service life without separation of the
first and second members after cycling between high and low
temperatures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an SEM image (backscattered electron
image) of a dense composite material prepared in Experimen-
tal Example 5.

FIG. 2 shows an XRD profile of the dense composite mate-
rial prepared in Experimental Example 5.

FIG. 3 shows an SEM image (backscattered electron
image) of a dense composite material prepared in Experimen-
tal Example 15.

FIG. 4 shows an XRD profile of the dense composite mate-
rial prepared in Experimental Example 15.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A dense composite material according to the present inven-
tion contains, in descending order of content, silicon carbide,
titanium silicon carbide, and titanium carbide as three major
constituents. The dense composite material contains 51% to
68% by mass of silicon carbide and no titanium silicide and
has an open porosity of 1% or less. The content is determined
based on an X-ray diffraction peak. The open porosity is
measured by Archimedes’ method using pure water as the
medium.

The dense composite material contains 51% to 68% by
mass of silicon carbide. A dense composite material contain-
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ing less than 51% by mass of silicon carbide is not preferred
because it has a large difference in linear thermal expansion
coefficient from aluminum nitride. A dense composite mate-
rial containing more than 68% by mass of silicon carbide is
not preferred because it may have high open porosity and
insufficient strength.

The dense composite material contains titanium silicon
carbide in an amount smaller than the amount of silicon
carbide and titanium carbide in an amount smaller than the
amount of titanium silicon carbide. The titanium silicon car-
bide is preferably Ti;SiC, (TSC), and the titanium carbide is
preferably TiC. For example, the dense composite material
preferably contains 27% to 40% by mass of titanium silicon
carbide and 4% to 12% by mass of titanium carbide.

Preferably, silicon carbide is granular and at least one of
titanium silicon carbide and titanium carbide is present in
spaces between silicon carbide grains so as to cover the sur-
face of the silicon carbide grains. If the silicon carbide grains
are distributed with high frequency, pores tend to remain
between the silicon carbide grains. As described above, if
other grains cover the surface of the silicon carbide grains,
they readily fill the pores, which is preferred to provide a
dense and strong material.

The linear thermal expansion coefficient of the dense com-
posite material according to the present invention is similar to
that of aluminum nitride. Thus, ifa member made of the dense
composite material according to the present invention is
joined to a member made of aluminum nitride (for example,
by metal joining), they are resistant to separation after cycling
between high and low temperatures. Specifically, the dense
composite material according to the present invention pref-
erably has a difference in average linear thermal expansion
coefficient of 0.5 ppm/K or less from aluminum nitride at 40°
C. to 570° C. More preferably, the dense composite material
according to the present invention has an average linear ther-
mal expansion coefficient of 5.4 to 6.0 ppm/K at 40° C. to
570° C. The average linear thermal expansion coefficient at
40° C. to 570° C. of an aluminum nitride sintered body to
which 5% by weight of Y,O; was added as a sintering aid was
measured to be 5.7 ppn/K under the same conditions as that
of the dense composite material according to the present
invention, and the average linear thermal expansion coeffi-
cient of an aluminum nitride sintered body to which no sin-
tering aid was added was measured to be 5.2 ppm/K. Accord-
ingly, in the present invention, the middle value between the
two linear thermal expansion coefficients, i.e., 5.5 ppm/K (at
40° C. to 570° C.), is used as the central value, and an object
of'the present invention is set to provide an aluminum nitride
sintered body having a difference in average linear thermal
expansion coefficient of 0.5 ppm/K or less.

The dense composite material according to the present
invention, which has superior thermal conductivity, prefer-
ably has a thermal conductivity of 100 W/m-K or more. In this
case, if a member made of the dense composite material
according to the present invention is joined to a member made
of aluminum nitride by metal joining, heat can be efficiently
released from the aluminum nitride.

The dense composite material according to the present
invention, which has superior strength, preferably has a four-
point bending strength of 300 MPa or more. In this case, a
member made of the dense composite material according to
the present invention is easily applicable to, for example,
cooling plates.

A joined body according to the present invention includes
a first plate made of the dense composite material described
above and a second plate made of aluminum nitride and
joined to the first plate (for example, by metal joining). This
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joined body is applicable to, for example, members for semi-
conductor manufacturing apparatuses. An example of a mem-
ber for semiconductor manufacturing apparatuses includes a
cooling plate (first member) made of the dense composite
material described above and an electrostatic chuck (second
member) made of aluminum nitride and joined to the cooling
plate with a joining material containing a major proportion of
aluminum or an alloy thereof. Because the first member has
an extremely small difference in linear thermal expansion
coefficient from aluminum nitride, it is resistant to separation
from the second member after cycling between high and low
temperatures. Because the first member has sufficiently high
thermal conductivity, it can efficiently cool the second mem-
ber made of aluminum nitride. Because the first member has
sufficiently high density, it permits a coolant to pass there-
through, thus further improving the cooling efficiency.
Because the first member has sufficiently high strength, it is
sufficiently resistant to processing and joining during the
manufacture of the member for semiconductor manufactur-
ing apparatuses described above and the stress due to a tem-
perature difference during use as the member.

A method for manufacturing the dense composite material
according to the present invention may include, for example,
(a) a step of preparing a powder mixture containing 43% to
52% by mass of silicon carbide and 33% to 45% by mass of
titanium carbide, the balance being 18% or less by mass of
titanium silicide and/or 13% or less by mass of'silicon; and (b)
a step of sintering the powder mixture by hot pressing in an
inert atmosphere to obtain the dense composite material
described above.

In step (a), the average particle size of the silicon carbide
material powder is preferably, but not limited to, 2 to 35 um.
The silicon carbide material powder may be composed only
of coarse particles (for example, having an average particle
size of 15 to 35 um), may be composed only of fine particles
(for example, having an average particle size of 2 to 10 pm),
or may be composed of a mixture thereof. If the average
particle size of SiC is smaller than 2 um, the resulting sintered
body has low density because the SiC particles have a large
surface area and therefore decrease the sinterability of a com-
position having a high SiC content. If the average particle size
of SiC is larger than 35 pum, the resulting sintered body has
sufficient sinterability but may have low strength. Although
the raw material powders used in step (a) may be silicon
carbide, titanium carbide, and titanium silicide, as described
above, suitable raw material powders may be selected from
silicon carbide, titanium carbide, titanium silicide, titanium,
and silicon.

In step (b), the inert atmosphere is, for example, a vacuum
atmosphere, nitrogen atmosphere, or argon atmosphere. The
hot pressing conditions may be set such that the dense com-
posite material described above is obtained. For example, the
pressure for hot pressing is preferably 100 to 400 kgf/cm?,
more preferably 200 to 300 kgf/cm?. The temperature for hot
pressing is preferably 1,550° C.to 1,800° C., more preferably
1,600° C. to 1,750° C. The relationship between the pressure
and the temperature may be set within the above ranges
depending on, for example, the composition of the powder
mixture and the particle sizes of the raw material powders.
For example, a powder mixture having a low silicon carbide
content easily sinters and therefore becomes dense under
relatively mild hot pressing conditions. In contrast, a powder
mixture having a high silicon carbide content does not easily
sinter and therefore becomes dense under relatively severe
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hot pressing conditions. A powder mixture containing silicon
carbide composed only of coarse particles becomes dense
under relatively severe hot pressing conditions, whereas a
powder mixture containing silicon carbide composed of a
mixture of coarse and fine particles becomes dense under
relatively mild hot pressing conditions. The firing time may
be set depending on the hot pressing conditions, for example,
within the range of 1 to 10 hours. A powder mixture contain-
ing silicon carbide composed of a mixture of coarse and fine
particles tends to become dense under milder hot pressing
conditions and is therefore more preferred than a powder
mixture containing silicon carbide composed only of coarse
particles.

For example, if the powder mixture contains 43% to less
than 47% by mass of silicon carbide, the hot pressing condi-
tions in step (b), irrespective of whether the silicon carbide
particles are coarse or fine, are preferably as follows: 1,600°
C. 10 1,800° C. and 200 to 400 kgf/cm?. If the powder mixture
contains 47% to 52% by mass of silicon carbide, the hot
pressing conditions, irrespective of whether the silicon car-
bide particles are coarse or fine, are preferably as follows:
1,650° C. to 1,800° C. and 300 to 400 kgf/cm® or 1,750° C. to
1,800° C. and 250 to 400 kgf/cm?. If the silicon carbide is
composed of a mixture of coarse and fine particles, the hot
pressing conditions are preferably as follows: 1,650° C. to
1,800° C. and 300 to 400 kgf/cm? or 1,700° C. to 1,800° C.
and 250 to 400 kgf/cm?>.

EXAMPLES

Preferred examples of the present invention will now be
described. As SiC materials, commercial products with puri-
ties of 96.0% or more and average particle sizes of 32.3 um,
16.4 um, and 2.9 pm were used. As a TiC material, a com-
mercial product with a purity of 94.5% or more and an aver-
age particle size of 4.3 pm was used. As a TiSi, material, a
commercial product with a purity of 96.0% or more and an
average particle size of 6.9 um was used. As a Si material, a
commercial product with a purity of 97.0% or more and an
average particle size of 2.1 um was used. The present inven-
tion is not limited to the following examples.
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1. Manufacturing Process

Formulation

The SiC materials, the TiC material, and the TiSi, material,
or the SiC materials, the TiC material, and the Si material,
were weighed out according to the mass percentages shown in
Tables 1 and 2 and were wet-mixed in a nylon pot containing
10 mm diameter nylon balls with iron cores using isopropyl
alcohol as a solvent for 4 hours. After mixing, the slurry was
removed and dried at 110° C. under nitrogen flow. The dried
mixture was then passed through a 30 mesh screen to obtain
a powder formulation. It was demonstrated that a powder
formulation prepared by weighing out and charging about
300 g of raw materials into a high-speed flow mixer (powder
container capacity=1.8 [.) and mixing it at an impeller rota-
tional speed of 1,500 rpm had material properties similar to
those of the powder formulation prepared by wet mixing.

Forming

The powder mixture was subjected to uniaxial pressing at
a pressure of 200 kgf/cm? to form a disk-shaped compact
having a diameter of about 50 mm and a thickness of about 15
ml, and it was placed in a graphite mold for firing.

Firing

The disk-shaped compact was fired by hot pressing to form
a dense sintered material. Hot pressing was performed at the
firing temperatures (maximum temperatures) and pressures
shown in Tables 1 and 2 while maintaining a vacuum atmo-
sphere until the end of firing. The firing temperature was
maintained for 4 hours. Hot pressing is hereinafter abbrevi-
ated as HP.

2. Experimental Examples

Tables 1 and 2 show the starting material compositions (%
by mass), the particle sizes and proportions of the SiC mate-
rials, the HP firing conditions, the constituent phases of sin-
tered bodies and the contents thereof determined from the
results of XRD measurements (results of simplified determi-
nation), and the basic properties of the sintered bodies (open
porosity, bulk density, four-point bending strength, linear
thermal expansion coefficient, and thermal conductivity) for
the individual examples. Of Experimental Examples 1 to 36,
Experimental Examples 3t0 7,10,12,13,15,16, 18t0 21,23,
24, 26, and 33 to 36 correspond to examples of the present
invention, and the remaining experimental examples corre-
spond to comparative examples.

TABLE 1
No.:
Experimental
Example
C: Proportion of SiC HP firing condition
Comparative Raw material composition: Proportion Proportion Proportion Firing
Example % by mass of of of temperature  Pressure
E: Example SiC  TiC TiSi, Si Sum 323 pum 16.4 um 2.9 pm °C) (kg/cm?)
No. 1 (Cl) 412 41.0 178 — 100 0 100 0 1700 200
No. 2 (C2) 412 41.0 178 — 100 0 0 100 1700 200
No. 3 (E1) 43.1 39.6 172 — 100 0 100 0 1600 200
No. 4 (E2) 43.1 39.6 172 — 100 0 100 0 1650 200
No. 5 (E3) 43.1 39.6 172 — 100 0 100 0 1700 200
No. 6 (E4) 43.1 39.6 172 — 100 0 0 100 1700 200
No. 7 (E5) 49.2 353 155 — 100 0 100 0 1650 300
No. 8 (C3) 49.2 353 155 — 100 0 100 0 1700 200
No. 9 (C4) 49.2 353 155 — 100 0 100 0 1700 250
No. 10 (E6) 49.2 353 155 — 100 0 100 0 1700 300
No. 11 (C5) 49.2 353 155 — 100 0 100 0 1750 200
No. 12 (E7) 49.2 353 155 — 100 0 100 0 1750 250
No. 13 (EB) 49.2 353 155 — 100 0 65 35 1650 300
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TABLE 1-continued
No. 14 (C6) 49.2 353 155 — 100 0 65 35 1700 200
No. 15 (E9) 49.2 353 155 — 100 0 65 35 1700 250
No.16 (E10) 49.2 353 155 — 100 0 65 35 1700 300
No. 17 (C7) 49.2 353 155 — 100 0 65 35 1725 200
No.18 (E11) 49.2 353 155 — 100 0 65 35 1750 250
No.19 (E12) 49.2 353 155 — 100 65 0 35 1725 200
No.20 (E13) 49.2 353 155 — 100 55 0 45 1725 200
No.:
Experimental Basic properties of sintered body
Example Linear
C: Four-point  thermal
Comparative XRD constituent phases Open Bulk bending  expansion Thermal
Example (% by mass) porosity  density strength  coefficient conductivity
E: Example SiC  TSC TiC TiSi, Sum (%) (g/em?) (MPa) (ppm/K) (W/mK)
No. 1 (Cl) 50.1 419 8 —*1 100 0.0 3.80 359 6.2 102
No. 2 (C2) 479 405 11.6 — 100 0.0 3.80 370 6.1 98
No. 3 (E1) 51.1 393 96 — 100 0.0 3.75 368 6.0 105
No. 4 (E2) 528 361 11.1  — 100 0.0 3.74 371 6.0 104
No. 5 (E3) 51.5 391 94 — 100 0.0 3.74 350 5.9 107
No. 6 (E4) 529 381 9 — 100 0.0 3.75 375 6.0 102
No. 7 (E5) 635 292 73 — 100 0.9 3.55 310 5.8 120
No. 8 (C3) 641 298 6.1 — 100 7.0 3.34 199 5.8 110
No. 9 (C4) 63.7 30.1 62 — 100 1.9 3.52 313 5.8 115
No. 10 (E6) 634 304 62 — 100 0.2 3.58 346 5.8 123
No. 11 (C5) 60.6 315 79 — 100 6.8 3.35 205 5.8 109
No. 12 (E7) 59.4 331 75 — 100 0.0 3.72 375 5.8 119
No. 13 (EB) 62.9 29.1 80 — 100 0.9 3.62 330 5.8 121
No. 14 (C6) 643 293 64 — 100 5.0 3.47 279 5.7 115
No. 15 (E9) 654 296 5 — 100 0.4 3.59 364 5.7 123
No.16 (E10) 652 294 54 — 100 0.0 3.68 417 5.7 125
No. 17 (C7) 623 319 58 — 100 1.7 3.58 311 5.8 117
No.18 (E11) 609 30.8 83 — 100 0.0 3.73 390 5.8 121
No.19 (E12) 65.1 304 45 — 100 0.8 3.62 325 5.8 117
No.20(E13) 643 299 58 — 100 0.5 3.67 318 5.7 119
*] “—" indicates that the corresponding constituent phase was not detected in the XRD profile.

TABLE 2

No.:
Experimental
Example
C: Proportion of SiC HP firing condition
Comparative Raw material composition: Proportion Proportion Proportion Firing
Example % by mass of of of temperature ~ Pressure
E: Example SiC  TiC TiSi, Si  Sum 323um 16.4 um 2.9 pm °C) (kg/cm?)
No.21 (E14) 514 33.7 148 — 100 0 65 35 1650 300
No. 22 (C8) 514 337 148 — 100 0 65 35 1700 200
No.23 (E15) 514 33.7 148 — 100 0 65 35 1700 250
No.24 (E16) 514 33.7 148 — 100 0 65 35 1700 300
No. 25 (C9) 514 337 148 — 100 0 65 35 1750 200
No.26 (E17) 514 33.7 148 — 100 0 65 35 1750 250
No.27(C10) 53.8 321 141 — 100 0 65 35 1700 200
No.28(C11) 53.8 321 141 — 100 0 65 35 1700 250
No.29(C12) 53.8 321 141 — 100 0 65 35 1700 300
No.30(C13) 53.8 321 141 — 100 0 65 35 1750 200
No.31(C14) 53.8 321 141 — 100 0 65 35 1750 250
No.32(C15) 53.8 321 141 — 100 0 65 35 1750 300
No.33 (E18) 432 442 — 126 100 0 65 35 1700 200
No.34 (E19) 432 442 — 126 100 0 65 35 1725 200
No.35 (E20) 43.2 442 — 126 100 0 65 35 1750 200
No.36 (E21) 432 442 — 126 100 0 55 45 1750 200
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No.:
Experimental

Basic properties of sintered body

Example Linear
C: Four-point  thermal
Comparative XRD constituent phases Open Bulk bending  expansion Thermal
Example (% by mass) porosity  density strength  coefficient conductivity
E: Example SiC  TSC TiC TiSi, Sum (%) (g/em?) (MPa) (ppm/K) (W/mK)
No.21 (E14) 679 274 47 — 100 0.9 3.54 310 5.5 130
No. 22 (C8) 675 271 54— 100 5.7 3.37 255 5.5 123
No.23 (E15) 67.7 281 42 — 100 0.7 3.55 340 5.5 131
No.24 (E16) 664 27.8 58 — 100 0.4 3.55 341 5.4 128
No. 25 (C9) 66.2 272 6.6 — 100 53 3.38 241 5.5 125
No.26 (E17) 664 282 54 — 100 0.2 3.56 361 5.4 130
No.27 (C10) 687 269 44 — 100 14.0 3.07 185 5.3 126
No.28 (C11) 70.1 251 48 — 100 10.1 3.21 191 5.3 125
No.29(C12) 714 248 3.8 — 100 4.8 3.40 205 5.2 130
No.30(C13) 707 252 41 — 100 12.0 3.14 179 5.2 122
No.31(Cl4) 695 263 42 — 100 7.1 3.32 198 5.2 129
No.32(C15) 704 257 3.9 — 100 3.8 3.18 215 5.3 131
No.33 (E18) 624 29.7 79 — 100 0.9 3.64 335 5.8 122
No.34 (E19) 620 299 &1 — 100 0.4 3.68 319 5.8 120
No.35(E20) 61.2 31.0 7.8 — 100 0.1 3.73 337 5.9 119
No.36 (E21) 619 304 7.7 — 100 0.1 3.72 333 5.8 120
25

3. Simplified Determination of Constituent Phases

A composite material crushed in a mortar was analyzed
using an X-ray diffractometer to identify the crystal phases
thereof. The measurement conditions were as follows:
Cu—Ka, 40 kV, 40 mA, and 20=5° to 70°. A sealed-tube
X-ray diffractometer (D8 ADVANCE from Bruker AXS) was
used. Also, simplified determination of the constituent phases
was performed. In the simplified determination, the contents
of the crystal phases in the composite material were deter-
mined based on an X-ray diffraction peak. The simplified
determination was performed on SiC, TSC (Ti;SiC,), TiC,
and TiSi, to determine the contents thereof. The simplified
determination was performed using the simple profile fitting
function (FPM Eval.) of the powder diffraction data analysis
software “EVA” from Bruker AXS. This function calculates
the contents of the constituent phases using the I/I_,,. (the
intensity ratio to the diffraction intensity of corundum) of
ICDD PDF cards for identified crystal phases. The PDF card
numbers for the individual crystal phases are as follows: SiC:
00-049-1428, TSC: 01-070-6397, TiC: 01-070-9258
(TiC, 4,), TiSi,: 01-071-0187. In Tables 1 and 2, “-” indicates
that the corresponding constituent phase was not detected in
the XRD profile.

4. Measurements of Basic Properties

(1) Open Porosity and Bulk Density

The open porosity and the bulk density were measured by
Archimedes’ method using pure water as the medium.

(2) Four-Point Bending Strength

The four-point bending strength was determined in accor-
dance with JIS-R1601.

(3) Linear Thermal Expansion Coefficient (Average Linear
Thermal Expansion Coefficient at 40° C. to 570° C.)

A sample was heated to 650° C. twice at a heating rate of
20° C./min in an argon atmosphere using a TD5020S (hori-
zontal differential expansion measurement system) available
from Broker AXS, and the average linear thermal expansion
coefficient at 40° C. to 570° C. was calculated from the data
obtained by the second measurement. The standard sample
used was an aluminum standard sample (having a purity of
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99.7%, a bulk density of 3.9 g/cm?, and a length of 20 mm)
supplied with the system. Another aluminum standard sample
was obtained, and the linear thermal expansion coefficient
thereof was measured to be 7.7 ppnv/K under the same con-
ditions. Under the same conditions, the average linear thermal
expansion coefficient of an aluminum nitride sintered body to
which 5% by weight of Y,O; was added as a sintering aid was
measured to be 5.7 ppm/K at 40° C. to 570° C., and the
average linear thermal expansion coefficient of an aluminum
nitride sintered body to which no sintering aid was added was
measured to be 5.2 ppm/K.
(4) Thermal Conductivity

The thermal conductivity was measured by laser flashing.

5. Results
(1) Experimental Examples 1 and 2

Powder formulations having the same raw material com-
position were fired under the same HP firing conditions
except that the SiC material having an average particle size of
16.4 um was used in Experimental Example 1 and the SiC
material having an average particle size of 2.9 pm was used in
Experimental Example 2. The SiC content of the powder
formulations was 41.2% by mass. As a result, dense compos-
ite materials having an open porosity of 0% were obtained in
Experimental Examples 1 and 2, although they had differ-
ences in thermal expansion coefficient of more than 0.5
ppr/K from aluminum nitride. The thermal expansion coef-
ficient was insufficiently reduced in Experimental Examples
1 and 2 probably because the use of an insufficient amount of
SIC material resulted in insufficient SiC contents of the
resulting dense composite materials, i.e., 50.1% by mass and
47.9% by mass.

(2) Experimental Examples 3 to 6

In Experimental Examples 3 to 5, powder formulations
having the same raw material composition and containing the
SIC material having an average particle size of 16.4 um were
fired except that they were fired under different HP firing
conditions. The SiC content of the powder formulations was
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43.1% by mass. As aresult, dense composite materials having
SiC contents 0f 51% to 53% by mass, an open porosity of 0%,
and a thermal expansion coefficient of 5.9 to 6.0 ppm/K were
obtained in Experimental Examples 3 to 5. These dense com-
posite materials had four-point bending strengths of more
than 300 MPa and thermal conductivities of more than 100
W/mK. In Experimental Example 6, a powder formulation
having the same raw material composition was fired under the
same HP firing conditions as in Experimental Example 5
except that the SiC material having an average particle size of
2.9 um was used. As a result, a dense composite material
having properties similar to those of the dense composite
material of Experimental Example 5 was obtained in Experi-
mental Example 6. As a representative example, FIGS. 1 and
2 show an SEM image (backscattered electron image) and an
XRD profile, respectively, of the dense composite material
prepared in Experimental Example 5. As shown in FIG. 1, the
surface of the SiC grains was covered with at least one of TSC
and TiC. Similar SEM images and XRD profiles were
obtained in other experimental examples.

(3) Experimental Examples 7 to 12

In Experimental Examples 7 to 12, powder formulations
having the same raw material composition and containing the
SiC material having an average particle size of 16.4 um were
fired except that they were fired under different HP firing
conditions. The SiC content of the powder formulations was
49.2% by mass. As aresult, dense composite materials having
SiC contents 0f 59% to 64% by mass, open porosities 0f 0.2%
to 0.9%, and a thermal expansion coefficient of 5.8 ppm/K
were obtained in Experimental Examples 7, 10, and 12. These
dense composite materials had four-point bending strengths
of more than 300 MPa and thermal conductivities of more
than 100 W/m-K. In contrast, in Experimental Examples 8, 9,
and 11, composite materials having a thermal expansion coef-
ficient of 5.8 ppm/K were obtained, although they had open
porosities of more than 1%. These composite materials had
such high open porosities probably because, although they
were fired at a temperature of 1,700° C. as the HP firing
conditions in Experimental Examples 8 and 9 and at a tem-
perature of 1,750° C. as the HP firing conditions in Experi-
mental Example 11, they were pressed at insufficient pres-
sures. In Experimental Examples 7, 10, and 12, SEM images
and XRD profiles similar to those in FIGS. 1 and 2 were
obtained.

(4) Experimental Examples 13 to 18

In Experimental Examples 13 to 18, powder formulations
having the same raw material composition and containing a
mixture of the SiC material having an average particle size of
16.4 pm and the SIC material having an average particle size
of2.9 umin a ratio (mass ratio) of 65:35 were fired except that
they were fired under different HP firing conditions. The SIC
content of the powder formulations was 49.2% by mass. As a
result, dense composite materials having SiC contents of
60.9% to 65.4% by mass, open porosities of 0% to 0.9%, and
thermal expansion coefficients of 5.7 to 5.8 ppm/K were
obtained in Experimental Examples 13, 15, 16, and 18. These
dense composite materials had four-point bending strengths
of more than 300 MPa and thermal conductivities of more
than 100 W/m-K. In contrast, in Experimental Examples 14
and 17, composite materials having thermal expansion coef-
ficients of 5.7 to 5.8 ppn/K were obtained, although they had
open porosities of more than 1%. These composite materials
had such high open porosities probably because, although
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they were fired at a temperature of 1,700° C. as the HP firing
conditions in Experimental Example 14 and at a temperature
of 1,725° C. as the HP firing conditions in Experimental
Example 17, they were pressed at insufficient pressures. As a
representative example, FIGS. 3 and 4 show an SEM image
(backscattered electron image) and an XRD profile, respec-
tively, of the dense composite material prepared in Experi-
mental Example 15. As shown in FIG. 3, the surface of the
SIC grains was covered with at least one of TSC and TiC. In
Experimental Examples 13, 16, and 18, SEM images and
XRD profiles similar to those in FIGS. 3 and 4 were obtained.

In Experimental Examples 15 and 9, powder formulations
having the same raw material composition were fired under
the same HP firing conditions except that a SiC material
composed of coarse particles and fine particles was used in
Experimental Example 15 and a SiC material composed only
of coarse particles was used in Experimental Example 9. As a
result, whereas the sintered body of Experimental Example 9
became insufficiently dense (open porosity=1.9%), the sin-
tered body of Experimental Example 15 became sufficiently
dense (open porosity=0.4%). These results demonstrate that
the use of a SiC material composed of coarse particles and
fine particles tends to provide a higher density than the use of
a SiC material composed only of coarse particles.

(5) Experimental Examples 19 and 20

In Experimental Examples 19 and 20, powder formulations
having the same raw material composition were fired under
the same HP firing conditions except that different SiC mate-
rials were used. In Experimental Example 19, a mixture of the
SIC material having an average particle size of 32.3 um and
the SiC material having an average particle size 0of 2.9 um in
a ratio (mass ratio) of 65:35 was used. In Experimental
Example 20, a mixture of the SiC material having an average
particle size of 32.3 pm and the SiC material having an aver-
age particle size of 2.9 um in a ratio (mass ratio) of 55:45 was
used. The SIC content of the powder formulations was 49.2%
by mass. As a result, dense composite materials having SiC
contents of 64% to 66% by mass, open porosities of 0.5% to
0.8%, and thermal expansion coefficients of 5.7 to 5.8 ppm/K
were obtained. These dense composite materials had four-
point bending strengths of more than 300 MPa and thermal
conductivities of more than 100 W/m'K. In Experimental
Examples 19 and 20, SEM images and XRD profiles similar
to those in FIGS. 3 and 4 were obtained.

In Experimental Examples 17 and 19, powder formulations
having the same raw material composition were fired under
the same HP firing conditions except that the SiC material
having an average particle size of 16.4 um was used in Experi-
mental Example 17 and the SIC material having an average
particle size of 32.3 pm was used in Experimental Example
19. As a result, whereas the sintered body of Experimental
Example 17 became insufficiently dense (open poros-
ity=1.7%), the sintered body of Experimental Example 19
became sufficiently dense (open porosity=0.8%). These
results demonstrate that the use ofa SiC material composed of
coarse particles having a larger average particle size tends to
provide a higher density than the use of a SiC material com-
posed of coarse particles having a smaller average particle
size when using coarse SIC material composed of different
particles size. In particular, if a large amount of SiC material
is used, increasing the proportion of coarse SiC particles is
effective in providing a higher density.

(6) Experimental Examples 21 to 26

In Experimental Examples 21 to 26, powder formulations
having the same raw material composition and containing a
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mixture of the SiC material having an average particle size of
16.4 pm and the SiC material having an average particle size
of2.9 umin a ratio (mass ratio) of 65:35 were fired except that
they were fired under different HP firing conditions. The SiC
content of the powder formulations was 51.4% by mass. As a
result, dense composite materials having SiC contents of 66%
to 68% by mass, open porosities 0f0.2% to 0.9%, and thermal
expansion coefficients of 5.4 to 5.5 ppm/K were obtained in
Experimental Examples 21, 23, 24, and 26. These dense
composite materials had four-point bending strengths of
more than 300 MPa and thermal conductivities of more than
100 W/m-K. In contrast, in Experimental Examples 22 and
25, composite materials having a thermal expansion coeffi-
cient of 5.5 ppm/K were obtained, although they had open
porosities of more than 1%. These composite materials had
such high open porosities probably because, although they
were fired at a temperature of 1,700° C. as the HP firing
conditions in Experimental Example 22 and at a temperature
of 1,750° C. as the HP firing conditions in Experimental
Example 25, they were pressed at insufficient pressures. In
Experimental Examples 21, 23, 24, and 26, SEM images and
XRD profiles similar to those in FIGS. 3 and 4 were obtained.

(7) Experimental Examples 27 to 32

In Experimental Examples 27 to 32, powder formulations
having the same raw material composition and containing a
mixture of the SiC material having an average particle size of
16.4 pm and the SiC material having an average particle size
of2.9 umin a ratio (mass ratio) of 65:35 were fired except that
they were fired under different HP firing conditions. The SiC
content of the powder formulations was 53.8% by mass. As a
result, composite materials having SiC contents of 68% to
72% by mass and thermal expansion coefficients of 5.2 t0 5.3
pp/K were obtained in Experimental Examples 27 to 32,
although they had open porosities of more than 1%. The
composite materials of Experimental Examples 27 to 32 had
such high open porosities probably because they contained
excessive amounts of SiC materials and thus failed to sinter
sufficiently during HP.

(8) Experimental Examples 33 to 36

In Experimental Examples 33 to 36, powder formulations
containing TiC and Si instead of TiSi, as raw materials, con-
taining a mixture of the SiC material having an average par-
ticle size of 16.4 pm and the SiC material having an average
particle size of 2.9 um in a ratio (mass ratio) of 65:35, and
having the raw material composition SiC:TiC:Si=43.2:44.2:
12.6 (mass ratio) were fired under different HP firing condi-
tions. As a result, dense composite materials having SiC
contents of 61% to 63% by mass, open porosities 0f 0.1% to
0.9%, and thermal expansion coefficients of 5.8 t0 5.9 ppm/K
were obtained. These dense composite materials had four-
point bending strengths of more than 300 MPa and thermal
conductivities of more than 100 W/m-K.

In Experimental Examples 14 and 17 and Experimental
Examples 33 and 34, powder formulations were fired under
the same HP firing conditions except that raw materials of
different types and compositions were used. As a result,
whereas the sintered bodies of Experimental Examples 14
and 17 became insufficiently dense, the sintered bodies of
Experimental Examples 33 and 34 became sufficiently dense.
These results demonstrate that, because the SIC contents of
Experimental Examples 33 and 34 are similar and the SiC
contents of Experimental Examples 14 and 17 are similar,
reducing the amounts of SIC and TiSi, materials and instead
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using TIC and Si materials having smaller average particle
sizes than TiSi, to adjust the Si, Ti, and C contents tends to
provide a higher density.

(9) Conclusion

The dense composite materials prepared in Experimental
Examples 3 to 7, 10, 12, 13, 15, 16, 18 to 21, 23, 24, 26, and
33 to 36 had open porosities of less than 1%, substantially the
same linear thermal expansion coefficient as aluminum
nitride (5.4 t0 6.0 ppm/K at 40° C. 10 570° C.), and sufficiently
high thermal conductivities, densities, and strengths. Thus, a
member for semiconductor manufacturing apparatuses that
includes a first plate made of such a dense composite material
and a second plate made of aluminum nitride and joined to the
first plate by metal joining provides an extended service life
without separation of the first and second members after
cycling between high and low temperatures. These experi-
mental examples (corresponding to examples of the present
invention) show that the powder formulations for preparing
the dense composite materials contain 43%to 52% by mass of
SiC, 33%to 45% by mass of TiC, and 14% to 18% by mass of
TiSi,, and the dense composite materials contain 51% to 68%
by mass of SiC, 27% to 40% by mass of TSC, and 4% to 12%
by mass of TiC. The results of Experimental Examples 33 to
36 show that a dense composite material having similar prop-
erties can be prepared by partially or completely replacing the
SIC and TiSi, materials with raw materials such as TIC and
Si. In this case, the powder formulations contain 43% to 52%
by mass of SiC and 33% to 45% by mass of titanium carbide,
the balance being 18% or less by mass of titanium silicide
and/or 13% or less by mass of Si.

6. Joined Body

(1) On the dense composite material sample prepared in
Experimental Example 18 (having a diameter of 50 mm and a
thickness of 8 mm), a metal foil made of aluminum and
having a thickness of 200 um (having the same diameter as the
above sample) and a dense aluminum nitride sintered body
having a thickness of 8 mm (having the same diameter as the
above sample) were stacked in the above order, and it was
placed in a graphite mold for firing and was fired by hot
pressing in a vacuum at a pressure of 100 kgf/cm? and 600° C.
As a result, a joined body (metal-joined joined body) having
no peeling or void at the interface thereof was obtained.

(2) A powder formulation having the raw material compo-
sition of Experimental Example 18 was subjected to uniaxial
pressing at a pressure of 200 kgf/cm? to form a disk-shaped
compact having a diameter of about 50 mm and a thickness of
about 15 mm. On this compact, a dense aluminum nitride
sintered body having a diameter of about 50 mm and a thick-
ness of about 8 mm was stacked, and it was placed in a
graphite mold for firing and was fired by hot pressing in a
vacuum at a pressure of 250 kgf/cm? and 1,750° C. As a resul,
ajoined body (directly joined body) having no peeling or void
at the interface thereof was obtained.

The present application claims priority from Japanese
Patent Application No. 2013-061856 filed on Mar. 25, 2013,
the entire contents of which are incorporated herein by refer-
ence.

INDUSTRIAL APPLICABILITY

A dense composite material according to the present inven-
tion is applicable, for example, to a cooling plate for metal
joining to a member such as an aluminum nitride electrostatic
chuck or susceptor.
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What is claimed is:

1. A dense composite material, containing, in descending
order of content, silicon carbide, titanium silicon carbide, and
titanium carbide as three major constituents, containing 51%
to 68% by mass of the silicon carbide and no titanium silicide
and having an open porosity of 1% or less.

2. The dense composite material according to claim 1,
containing 27% to 40% by mass of the titanium silicon car-
bide and 4% to 12% by mass of the titanium carbide.

3. The dense composite material according to claim 1,
wherein silicon carbide is granular and at least one of the
titanium silicon carbide and the titanium carbide is present in
spaces between the silicon carbide grains so as to cover the
surface of the silicon carbide grains.

4. The dense composite material according to claim 1,
wherein a difference in average linear thermal expansion
coefficient is 0.5 ppm/K or less from aluminum nitride at 40°
C.to 570° C.

5. The dense composite material according to claim 1,
wherein an average linear thermal expansion coefficient is 5.4
to 6.0 ppn/K at 40° C. to 570° C.
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6. The dense composite material according to claim 1,
wherein a thermal conductivity is 100 W/m'K or more and
four-point bending strength is 300 MPa or more.

7. A joined body, wherein a first plate made of the dense
composite material according to claim 1 is joined to a second
plate made of aluminum nitride.

8. The joined body according to claim 7, wherein the first
plate is joined to the second plate by metal joining.

9. A member for semiconductor manufacturing apparatus
comprising the joined body according to claim 7.

10. A method for manufacturing a dense composite mate-
rial comprising steps of}

(a) astep of preparing a powder mixture containing 43% to
52% by mass of silicon carbide and 33% to 45% by mass
of titanium carbide, the balance being 18% or less by
mass of titanium silicide and/or 13% or less by mass of
silicon; and

(b) a step of sintering the powder mixture by hot pressing in
an inert atmosphere to obtain the dense composite mate-
rial according to claim 1.
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